For quasi-isotropic CFRP laminates, the elastic stress-strain behavior is expected to be the same in any loading direction and stacking sequence of laminate. But fracture and strength of them may strongly depend on the loading direction and stacking sequence of laminate. The laminate has structurally made up many interfaces and the lamina in the laminate is anisotropic due to embedded fiber. Therefore, once matrix cracking or delamination takes place in the loading laminate, the laminates change into anisotropic ones. In this paper, the tensile tests were carried out in the constant displacement velocity for the specimens, cut out in several directions from each laminate, to investigate the influence of loading direction and stacking sequence on the damage pattern and tensile strength. A FEM code was used to analyze the stresses in the specimens, and the comparison between the calculated stressstrain curves and experimental ones was attempted.
Abstract:
For quasi-isotropic CFRP laminates, the elastic stress-strain behavior is expected to be the same in any loading direction and stacking sequence of laminate. But fracture and strength of them may strongly depend on the loading direction and stacking sequence of laminate. The laminate has structurally made up many interfaces and the lamina in the laminate is anisotropic due to embedded fiber. Therefore, once matrix cracking or delamination takes place in the loading laminate, the laminates change into anisotropic ones. In this paper, the tensile tests were carried out in the constant displacement velocity for the specimens, cut out in several directions from each laminate, to investigate the influence of loading direction and stacking sequence on the damage pattern and tensile strength. A FEM code was used to analyze the stresses in the specimens, and the comparison between the calculated stressstrain curves and experimental ones was attempted.
In addition, using Tsai-Wu failure criterion, the strength of the laminates were predicted in the various loading directions. And the correlations between the predicted results and experimental one are discussed.
INTRODUCTION
FRP has high strength and high rigidity in the direction of embedded fiber, but in the direction perpendicular to the embedded fiber it has low strength and low rigidity, so that FRP is usually used in the form of laminate.
In particular, the laminate made of the laminas so that their reinforced direciton angles become
For quasi-isotropic CFRP laminates, the elastic stressstrain behavior is expected to be the same in any loading direction and stacking sequence of laminate. But fracture and strength of them may strongly depend on the loading direction and stacking sequence of laminate. The laminate is structurally made up many interfaces and the lamina in the laminate is anisotropic by embedded fiber. Therefore, once matrix cracking or delamination takes place in the loading laminate, the laminates change into anisotropic ones. Then their fracture patterns differ in loading direction and stacking sequence. Some research has been done for this effect of the laminate, and some papers have been published [1] [2] [3] [4] [5] [6] [7] [8] . However, much of them deal with the cross-ply laminate, and there are little research on quasi-isotropic laminates except the work of M. Uemura and K. Iyama. They have discussed the effect of maximum stress perpendicular to embedded fiber in each lamina on the tensile strength of laminates [2] . 
Experimental Method
The quasi-isotropic laminates made of carbon fiber reinforced epoxy lamina were used in the experiment (Fiber: T700S, Epoxy: #2500, Toray Co., Japan). The fiber-volume fraction is 60% and the material property of lamina is the following. The subscript 1 denotes the direction of fiber, and the subscripts 2, 3 denote the direction perpendicular to 1-axis. Stress -strain relation, tensile strength and breaking strain for lamina are shown in Fig. 1 were cut out in the five loading directions as indicated in Table 2 . And specimens were cut out in the four loading directions from laminate B. The specimen types are shown in Table 2 . Table 1 . Tensile strength and braking strain for lamina. Figure 3 shows the shape of the specimens used in experiment. GFRP tabs of 50mm long were bonded to the gripped end of the specimens to fix on tight to the chuck. To measure the relationship of load-strain, the two axial strain gages were glued on surfaces of the specimens. Side edges of the specimens were polished up for observation of matrix cracking and delamination growth. Damage development was observed by optical microscope. The part of observation in the specimen has very shallow notch to restrict the fracture area. The stress concentration due to notch is slight. So specimen size of y direction decrease from 25mm to 23mm.
In the experiment, the specimens were tested in tension at cross-head velocity of 0.5mm/min. The damage development (matrix cracking and delamination growth) was observed at the side edges of the specimens. The observation was carried out several times till the specimens fractured.
Experimental Results
While the tensile experiments are carried out for nine type of specimens, only the typical results are shown. For type I specimen, the connection between matrix cracks and delaminaitions occurred before the specimens fractured. Matrix cracks were first initiated in the Table 2 . Specimen type. Fig. 3 . Shape of specimen.
Loading Direction Effect on Strength in CFRP Laminates
Average tensile strength of type I are about 826MPa (Three specimens were employed).
For type V specimen, the connection between matrix crack and delaminaition occurred before the specimens observed in the mid-plane. Average tensile strength of type V were about 830MPa (Three specimens were employed).
The strengths of laminates are shown in Table 3 . From Table 3 Table 3 . Experimental strengths of laminates (MPa). Fig. 6 . Considering the symmetry on the mid-plane and using the orthotropic element SOLID that was used for the three-dimensional modeling of anisotropic solid structures, the model was made. In this model, the total node number was 5577 and the total element number was 4564. In Fig. 7 , the variation of 100MPa) is shown. From this figure, it found that the singularity of stress almost converged in 38 or more element divisions of y direction. So it was decided that the singularity of stress was considered enough if 38 or more divisions were used. Thus, in this study, 38 divisions were adopted for length of y direction in the analytical model. The boundary conditions were given in the following, x=0,y=0,z=0:ux=uy=uz=0, z=0:uz=0, where ux, uy and uz are displacements of x, y and z directions, respectively.
Tensile loading in the x direction was given in uniform displacement at both of ends of the are used for the material property of the lamina. The stresses obtained in the analysis were used to predict the first damage strength and the tensile strength. Tsai-Wu failure criterion [9] [10] [11] [12] The above strength parameters (Egs. (S)) were determined from experiments of the lamina and literatures [4] , [12] , [13] .
The first damaged strength and the tensile strength of laminate were predicted by the following manner. We decided that the lamina failed when Eq. (3) was satisfied by stress analysis results. The failed lamina loses the rigidity. So the failed lamina is reduced the value of E1, E2 and G12 to nearly equal zero. The analysis was carried out till all lamina failed. The first damaged strength means the loading stress that an element in a lamina satisfied Tsai-Wu criterion first. The tensile strength of the laminate is determined from the last failure of the lamina.
Analytical
Results and Discussions In the Figs. 8 and 9 , the loading stress -strain curves for analytical results and experimental ones are compared. In these figures, experimental curves show average of experimental data and the failure points of each lamina are indicated.
It is found that all stressstrain curve are almost linear. In types I to VIII, the tensile strength is slightly different. This is because that the specimen type. The tensile strength of type IX remarkably decreases because the reinforced angles to loading direction is different to other specimen types. From these figures, the analytical stress -strain curve agree fairly well with experimental ones. Therefore it is considered that the strength of laminate can be almost correctly predicted from these analytical methods. The analytical strengths for each specimen type are shown in Table  4 , where the average experimental tensile strengths are also indicated together. From comparison between both strengths, it is found that the analytical tensile strength is close to the experimental ones. The analytical tensile strength is slightly smaller than experimental results. The reason for the difference between experimental and analytical results is as follows. In this analysis, it assume that the whole of lamina fail when the one element satisfied the criterion. But actually the failure of lamina occurs partly. Therefore, the damage growth in the laminate may be more slowly to increasing load. In consequence, it is considered that the analytical tensile strength estimates smaller than the experimental ones. Fig. 9 . The stress -strain curve for Laminate B. Table 4 . The analytical and experimental strength (MPa). Fig. 10 . Relationship between the strength and loading directions.
From Fig. 10 , it is found that the first damaged strength changes with the loading direction. And the isotropy of laminates is lost by the first damaged. The tensile strength remarkably depends on loading direction. It is found that the isotropy is completely lost.
In addition, it is found that the variation of the tensile the strength. So the tensile strength becomes high. But in other loading directions the tensile strength decreases, exist in the laminate. On the other hand. for the loading direction annles becomes minimum value in such loading direction. And the first damaged strength becomes high in other loading directions.
CONCLUSIONS
It is found from the analytical results that the strength is varied with the loading direction.
In the directions where the first damaged strength is maximum, the tensile strength is minimum. On the other hand, in the directions where the first damaged strength is minimum, the tensile strength is maximum. The analytical tensile strength coincides qualitatively with the experimental one. The strength is more influenced by the loading direction than stacking sequence in quasi-isotropic CFRP laminates.
The quasi-isotropic CFRP laminates keep isotropic till the first damaged, but the laminate can not keep isotropic once the damages occur in any laminas. Thus, the quasi-isotropic CFRP laminates have different tensile strength depending on loading direction.
When the quasi-isotropic CFRP laminates are practically used, the loading direction must be examined since the strength deteriorates remarkably in some loading direction.
